A grand challenge in natural product chemistry is to determine the biological effects of all natural products. A phenotypic approach is frequently used for determining the activity of a compound and its potential impact on a disease state. Chemical investigation of a specimen of Jaspis splendens collected from the Great Barrier Reef resulted in the isolation of a new pterin derivative, jaspterin (1), a new bisindole alkaloid, splendamide (2), and a new imidazole alkaloid, jaspnin A (3) TFA salt. Jaspamycin (8) and 6-bromo-1H-indole-3-carboximidamide (16) are reported for the first time as naturally occurring metabolites. Known nucleosides (4−7, 9, 10), aglycones (11−13), indole alkaloids (14, 15, 17) , and jaspamide peptides (18−22) were also isolated. The structures of the three new compounds 1−3 were unambiguously elucidated based on NMR and mass spectroscopic data. Jaspnin A (3) contained a rare thiomethylated imidazolinium unit. Coupling an unbiased phenotypic assay using a human olfactory neurosphere-derived cell model of Parkinson's disease to all of the natural products from the species J. splendens allowed the phenotypic profiles of the metabolites to be investigated.
A grand challenge in natural product chemistry is to determine the biological effects of all natural products. Target-based drug discovery approaches provide efficient and high capacity in testing unprecedented numbers of compounds and molecular targets utilizing advances in automation, biochemistry, structural biology, and chemistry-related technologies. 1 High-throughput screening (HTS), however, has lower hit rates. Target screening also heavily relies on knowledge of known therapeutic pathways. In addition, other pathways or functional proteins affected by compounds may not be identified by target-based screening. New molecular entities identified by phenotypic screening approved by the FDA outnumbered target-based approaches during this time frame between 1999 and 2008 (37% versus 23%). 2 In comparison, phenotypic screening has the advantage of the whole organism being exposed to compounds and interrogates all targets and biological pathways. When multiple parameters are examined, a multidimensional cytological profiling method can be used to cluster compounds.
Parkinson's disease is the second most common neurodegenerative disease, affecting over five million patients worldwide 3 and in the majority of cases has no clearly identifiable cause. Like Alzheimer's disease, it mostly affects the elderly and causes considerable disability and suffering. There is no effective drug available to cure this progressive disease. Thus, there is an urgent need to develop new therapeutic agents. Nontransformed and nonimmortalized human olfactory neurosphere-derived (hONS) cells, which are primary cells derived from Parkinson's disease patients, model functional aspects of Parkinson's disease. 4−6 Coupling an unbiased phenotypic assay using the hONS cell model of Parkinson's disease to an analysis of all natural products from one species could allow phenotypic profiles of all the metabolites to be investigated.
As part of a research program aiming to identify anti-Parkinson's disease lead compounds, a marine sponge, Jaspis splendens, collected from the Great Barrier Reef was selected from Nature Bank. 7−9 Sponges of the genus Jaspis (family Ancorinidae) have been a rich source of structurally novel, biologically active natural products. 10 Over 150 natural products have been isolated from the genus including antifungal, anthelmintic, catatonic, insecticidal, and ichthyotoxic jaspamide peptides, 11−13 antineoplastic and cytotoxic isomalabaricane triterpenes, 14−16 cytotoxic macrolides, 17 antifungal, antiparasitic, and cytotoxic bengazoles, 18, 19 antiparasitic, antimicrobial, and cytotoxic bengamides, 20−22 cytotoxic bromotyrosine derivatives, 23, 24 anticandidal and cytotoxic nucleosides, 25 and a series of dihydroxystyrene sulfate derivatives. 26−28 Chemical investigation of a specimen of J. splendens resulted in the isolation and characterization of 22 secondary metabolites, including a new pterin derivative, jaspterin (1), a new bisindole alkaloid, splendamide (2), a new methylthioimidazole-containing alkaloid, jaspnin A (3) trifluoroacetic acid (TFA) salt, and jaspamycin (8) and 6-bromo-1H-indole-3carboximidamide (16) , previously reported as synthetic products, 29 together with 17 known natural products, namely, guanosine (4), 30 6-deoxyguanosine (5), 31 thymidine (6), 32 toyocamycin (7), 25 5-(methoxycarbonyl)tubercidin (9), 25 sangivamycin (10), 33 5-(methoxycarbonyl)tubercidin aglycone (11), 25 toyocamycin aglycone (12), 25 sangivamycin aglycone (13), 34 6-bromotryptamine (14) , 35 6-bromo-1H-indole-3-carboxamide (15), 36 6-bromo-1H-indole-3-carboxylic acid methyl ester (17), 37 jaspamide (18), 38 jasplakinolide B (19), 39 jaspamide Z 1 (20) , 40 jasplakinolide F (21), 11 and pipestelide A (22) . 41 All compounds were subjected to an unbiased phenotypic assay on hONS cells followed by cluster analysis of cytological effects. Based on previous work, we had developed a theoretical framework that explains that all natural products interact with biologically relevant space. 42, 43 Herein we report the isolation and structure elucidation of the five new natural compounds (1, 2, 3, 8, and 16) as well as the phenotypic effects of all isolated natural products from J. splendens.
■ RESULTS AND DISCUSSION
The ground and freeze-dried J. splendens (50 g) was sequentially extracted with n-hexane, CH 2 Cl 2 , and MeOH. The CH 2 Cl 2 / MeOH extracts were combined and fractionated using a C 18 (8), together with nucleosides (4−7, 9, 10) and aglycones (11−13) . Previous studies of indole alkaloids by our group have revealed that the exchangeable NH proton typically manifests between δ H 10.0 and 12.0 in deuterated DMSO. 44, 45 The 1 H NMR spectrum in DMSO-d 6 of the 50% H 2 O/50% MeOH fraction displayed exchangeable NH proton signals between δ H 10.00 and 12.00 together with aromatic signals between δ H 7.00 and 8.50, indicating the presence of indole alkaloids. HPLC purification of the fraction yielded a new bisindole alkaloid, splendamide (2), and a new indole alkaloid, 6-bromo-1H-indole-3-carboximidamide (16), along with three known indole alkaloids (14, 15, 17) . The 1 H NMR spectrum of the 10% H 2 O/90% MeOH fraction contained some intriguing signals indicative of peptidic-type molecules. Further purification of the fraction led to the isolation of five jaspamide peptides (18−22) . In total, 22 structurally diverse natural products were isolated from the prolific sponge J. splendens. Jaspterin (1) was isolated as a white power. (+)-HRESIMS data gave a [M + Na] + ion at m/z 214.0670, which was consistent with a molecular formula of C 8 H 9 N 5 O with seven degrees of unsaturation. The IR spectrum had absorption bands at 1680 and 1630 cm −1 , suggesting carbonyl functionalities in the molecule. The 1 H NMR spectrum included two deshielded aromatic doublets (δ H 8.68 and 8.40), one methyl singlet (δ H 3.40), one methyl doublet (δ H 2.96), and one broad exchangeable doublet (δ H 7.54) ( Table 1 ). Analysis of the HSQC and HMBC spectra indicated that the molecule contained one amide carbonyl signal (δ C 160.7), five aromatic carbons (δ C 155.2, 153.3, 149.5, 139.0, and 128.1), and two methyl carbons (δ C 28.5 and 28.2). The chemical shifts of the two methyls (δ H 3.40 and δ C 28.2, δ H 2.96 and δ C 28.5) indicated that they were both N-methyl groups.
The UV spectrum of 1 showed absorption maxima at 280 and 358 nm (broad), indicative of a pyrazine moiety. The small coupling constant (J 1.5 Hz) between the two methine doublets Jaspterin (1) closely resembles pterins, a class of naturally occurring compounds biosynthesized from guanosine triphosphate in all living organisms. 46 Pterins were first discovered in the pigments of butterfly wings. Biopterin and neopterin were also reported from human urine. 46, 47 This class of compounds plays an important role in amino acid hydroxylation, and they also act as cofactors in enzyme catalysis. In the field of heterocyclic chemistry pterins owe their exceptional position mainly to their unusual chemical properties and their conspicuous fluorescence.
Splendamide (2) was isolated as a colorless gum. (+)-LRESIMS for 2 displayed an isotopic cluster of ions [M + H] + at m/z 459, 461, and 463 in the ratio of 1:2:1, indicating the presence of two bromines. The adduct ion in the (+)-HRESIMS spectrum at m/z 481.9116 [M + Na] + allowed the molecular formula to be assigned as C 18 H 11 79 Br 2 N 3 O 2 , which was consistent with 14 degrees of unsaturation. The IR spectrum had absorption bands at 1683 cm −1 , indicating an amide functionality in the molecule. The 1 H NMR data ( Table  2) together with its integration as half a proton compared with other proton signals, and the requirement of 14 degrees of unsaturation, 2 was assigned as a dimeric imide structure ( Figure 2 ).
Indole-3-carboximidamides are rarely encountered in nature. Wuzhuyurutine A from Evodia rutaecarpa (Juss.) Benth. (Rutaceae) 48 and N-(aminocarbonyl)-1H-indole-3-carboxamide from the sponge Zyzza massalis 49 are the only natural products similar to splendamide (2) . A number of more complex indole-3-carboximidamide-containing natural products have been reported from marine sponges, including the cytotoxic and antifungal nortopsentins A−C (23−25) from Spongosorites ruetzleri 50 and nortopsentin D (26) from a Dragmacidon sp. 51 (Figure 3 ). 
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Article Jaspnin A (3) TFA salt was isolated as a white powder. (+)-HRESIMS measurement gave an adduct ion at m/z 223.0511 [M + Na] + , consistent with a molecular formula of C 8 H 12 N 2 O 2 S with four degrees of unsaturation. The IR spectrum had an absorption at 1660 cm −1 , suggesting a carbonyl functionality in the molecule. The UV spectrum had an absorption maximum at 208 nm and weak absorption at 244 nm, indicative of an imidazole moiety. The 1 H NMR data (Table 3 ) contained one aromatic singlet (δ H 9.01), one methylene singlet (δ H 4.01), and three methyl singlets (δ H 3.97, 3.87, and 2.36) ( Table 3 ). Five protonated carbons were identified in the HSQC and HMBC spectra. The chemical shifts of the two methyls (δ H 3.97 and δ C 33.0, δ H 3.87 and δ C 33.9) suggested that they were N-methyl groups. The third methyl singlet (δ H 2.34 and δ C 17.8) was either an aromatic, olefinic, or S-methyl. The chemical shifts of the methine functionality (δ H 9.01 and δ C 139.7) indicated a diheteroatomsubstituted sp 2 -hybridized methine.
HMBC correlations from the methine (δ H 9.01) and the methylene (δ H 4.01) protons to two nonprotonated carbons (δ C 134.3 and 127.7) suggested the presence of a substituted imidazole moiety. Weak COSY correlations between the methine proton and two N-methyls indicated the presence of 1,3-dimethylimidazole. The assignment was confirmed by HMBC correlations from the two methyl singlets (δ H 3.94 and 3.87) to the methine carbon (δ C 139.7). An HMBC correlation from the methylene singlet (δ H 4.01) to a carbonyl carbon (δ C 170.7) suggested the presence of a carboxylic acid. The remaining elements were assigned a methyl thioether, and its attachment at C-4 was established based on the HMBC correlation from the methyl singlet (δ H 2.36) to carbon C-4 (δ C 127.7). Jaspnin A was therefore assigned as 3 (Figure 4 ). Because TFA was used throughout the purification process, the counterion for jaspnin A (3) was trifluoroacetate.
A number of methylthioimidazole-containing natural products have been reported in the literature, including dysideanin A (27) from Dysidea sp., 53 57 and gesashidine A from a Thorectidae sponge ( Figure 5 ). 58 Jaspamycin (8) and 6-bromo-1H-indole-3-carboximidamide (16) have been previously reported as synthetic products, and the spectra were identical with the data in the literature. 29 (16) is available commercially from Aurora Building Blocks. The 1D and 2D NMR data for 8 and 16 are given in the Supporting Information.
Consistent with the extraction and fractionation protocol developed in-house to prepare a Nature Bank fraction library targeting drug-like molecules, the isolated compounds were distributed within this lead-like space (five fractions in Figure  6 ). 8, 59 The physicochemical property calculations using Instant JChem (version 15.7.27.0) are in the Supporting Information. 60 The cytological profiles of the 22 metabolites from J. splendens were examined to identify congeneric chemical series by coupling an unbiased multidimensional phenotype assay using nontransformed and nonimmortalized hONS cells, which are primary cells derived from a Parkinson's disease patient. hONS cells were treated with 10 μM of each compound for 24 h. Cytological parameters were assessed by staining with fluorescent probes targeting various cellular pathways and organelles implicated in Parkinson's disease. These included mitochondria, early endosomes, lysosomes, microtubule-based cytoskeleton, and autophagosomes. In total, 38 phenotypic features across the individual cell line were generated. The compounds were subsequently clustered based on their pairwise Pearson's correlation coefficient using Cluster 3.0 and visualized using Java TreeView (Figure 7) . At the concentration of 10 μM, compounds 18, 19, 21, and 22 showed cytotoxicity; hence they were not included in the heat map.
On the basis of the similarity of their biological profile, two prominent clusters were obtained by a defined line across the dendrogram at a Pearson's correlation of >0.70. Under a Pearson's correlation of 0.77, there were four clusters, A, B, C, and D (Figures 7 and 8) .
Jaspamycin (8) in cluster A showed the highest level of deviation from the control in the biological activity profile. Clustering of the 38 biological parameters resulted in a 3-modal effect. Nuclear and cytoplasmic markers were slightly affected compared to the DMSO control. Parameters associated with mitochondria, α-tubulin, LC3b, and lysosome were moderately increased relative to the DMSO control, while an obvious decrease in the number of EEA1-associated early endosomes throughout the cytoplasm was evident with a corresponding increase in signal intensity. At a Pearson's correlation of 0.77, five compounds, 1−3, 16, and 20, in cluster B were similar in the biological activity profile to jaspamycin (8) in cluster A, with the main difference that cluster B showed a lower level of deviation from the control (Figures 7 and 8 ). Compared to clusters A and B, compounds in clusters C and D showed negative deviation from the control for mitochondria, α-tubulin, LC3b, and lysosome features. In cluster C, cytoplasmic, mitochondrial, and autophagy markers with compounds 4−7, 10, and 14 were slightly decreased in comparison with compounds 9, 11−13, and 17 under a Pearson's correlation of 0.91. The most striking and consistent alteration was the effect of these compounds on the early endosomal marker EEA1, which decreased in number and texture throughout the cytoplasm. Compound 15, a singleton in cluster D, showed the lowest deviation from the DMSO control in its cytological profile.
Jaspamycin (8) in cluster A had previously been synthesized, and this is its first report as a natural product. As an analogue of toyocamycin (7) , jaspamycin (8) had a very different cytological profile from the other six nucleosides (4−7, 9, and 10) and three related aglycones (11−13) in cluster C. Further analogues of jaspamycin 8 at positions 4 and 5 and the sugar moiety would allow a structure−activity relationship to be developed (Figure 8 ). The four other new metabolites 1−3 and 16 plus 20 in cluster B presented a relatively lower activity than jaspamycin (8) . All six of these chemically diverse compounds were clustered into one prominent cluster and displayed similar phenotypic profiles.
In contrast, the four chemically similar bromoindole alkaloids 14−17 (clusters B, C, and D) were interestingly clustered into different groups, indicating that the substitutions for this scaffold played important roles in different therapeutic pathways or functional proteins.
In addition, the new bisindole alkaloid splendamide (2), with a carboxylic acid imide group, and the monoindole alkaloid 6bromo-1H-indole-3-carboximidamide (16) , with a carboxamidine functionality, showed similar biological activity in cluster B. Under a Pearson's correlation of 0.91, they were in different clusters, revealing some structure−activity relationship.
Four of the five jaspamide peptides (18, 19, 21, and 22 ) exhibited an alteration of nuclear and cellular parameters at 10 μM, suggesting that these cyclic jaspamide peptides are cytotoxic. Jaspamide Z 1 (20) , the open-chain form of jaspamide (18) , showed a lower cytotoxicity level.
A new neighbor correlation of the phenotype to compounds with known biological targets may identify possible biological targets. Jaspamycin (8) had significant phenotypic perturbation of Parkinson's disease patient-derived human olfactory neurosphere-derived cells on the markers. In previous research, iotrochotazine A, isolated from an Australian marine sponge Iotrochota sp., was used as a chemical probe and investigated in the phenotypic assay. 6 In comparison to iotrochotazine A, jaspamycin (8) moderately increased lysosomal staining and significantly decreased the number of EEA-1-associated early endosomes, while iotrochotazine A decreased lysosomal staining and increased the number of EEA-1-associated early endosomes. In conclusion, we have isolated three new compounds and two natural products, previously reported as synthetic products, together with 17 known metabolites from J. splendens. Rather than any unique chemical feature, it was the phenotypic responses of the metabolites in a hONS cell model of Parkinson's disease that led us to identify jaspamycin (8) as having unique biologically relevant chemical space. Herein, the different phenotypic responses of jaspamycin (8) and 
Article iotrochotazine A offer useful probes to investigate the molecular mechanisms underlying Parkinson's disease.
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were recorded on a JASCO P-1020 polarimeter (10 cm cell). IR and UV spectra were recorded on a Bruker Tensor 27 spectrophotometer and a CAMSPEC M501 UV/vis spectrophotometer, respectively. NMR spectra were recorded in DMSO-d 6 (δ H 2.50 and δ C 39.5) or MeOHd 4 (δ H 3.31 and δ C 49.0) at 30°C on a Varian INOVA 600 MHz spectrometer equipped with a triple-resonance cold probe or at 25°C on a Bruker Avance HDX 800 MHz spectrometer equipped with a TCI cryoprobe. The low-resolution mass spectrum (LRESIMS) was recorded on a Mariner time-of-flight (TOF) mass spectrometer equipped with a Gilson 215 eight-probe injector and a Waters LCMS system equipped with a Luna C 18 column (3 μm, 100 Å, 50 × 4.6 mm), a PDA detector, and a ZQ ESI mass spectrometer. Highresolution mass spectra (HRESIMS) were recorded on a Bruker Daltonics SolariX 12 T Fourier transform mass spectrometer. An Edwards Instrument Company Bioline orbital shaker was used for extraction. The HPLC system included a Waters 600 pump fitted with a 996 photodiode array detector and Gilson FC204 fraction collector. A ThermoElectron Betasil C 18 column (5 μm, 21.2 × 150 mm) and a Phenomenex Luna C 18 column (5 μm, 10 × 250 mm) were used for semipreparative HPLC. All solvents used for extraction, chromatography, [α] D , UV, IR, and MS were Lab-Scan HPLC grade, and the H 2 O was Millipore Milli-Q PF filtered.
Animal Material. A specimen of Jaspis splendens was collected by scuba (−23 m) in Mid Reef (S 14.44813, E 144.88139), Great Barrier Reef, North Queensland, Australia, on July 3, 2003. Sponge material was kept frozen prior to freeze-drying and extraction. Taxonomic identification of J. splendens was performed by Dr. J. N. A. Hooper. A voucher specimen, G320726, has been deposited at the Queensland Museum, South Brisbane, Australia.
Extraction and Purification of Compounds 1−22. The ground and freeze-dried J. splendens (50 g) was extracted with n-hexane (250 mL) for 2 h at room temperature (rt). The hexane extract was filtered under gravity and discarded. Then 250 mL of CH 2 Cl 2 /MeOH (80:20) was added to the biota and extracted for 2 h. The CH 2 Cl 2 /MeOH extract was filtered, and the biota was further extracted with two lots of 250 mL of MeOH for 2 h and overnight, successively. Both MeOH extracts were combined with CH 2 Cl 2 /MeOH extract and dried to afford the crude extract. The crude extract was fractionated using a C 18 18 Betasil column (21.2 mm × 150 mm). Initial isocratic conditions of 10% MeOH were used for 10 min; then a linear gradient from 10% to 50% MeOH was performed over 40 min and continued isocratic for 10 min at a flow rate of 9 mL/min. Sixty fractions were collected by 1 min increments over 60 min to afford jaspterin (1) and jaspnin A (3) TFA salt, together with nucleosides (4−10) and aglycones (11−13 (PerkinElmer) . hONS cells from the Parkinson's disease cell line C1 200 08 0013 were added to each well at a density of 1350 cells per well in 50 μL of growth medium (DMEM/F12, 10% FBS) leading to a final concentration of 10 μM (0.6% DMSO) for each compound. DMSO (0.6%) was used as negative control. The cells were incubated for 24 h at 37°C under 5% CO 2 .
Cell Staining. After 24 h of incubation, the medium was aspirated, and one 384-well plate was treated with MitoTracker Orange CMTMRos (Invitrogen) (400 nM) for 30 min at 37°C under 5% CO 2 . The second 384-well plate was treated with LysoTracker Red DND-99 (Invitrogen) (100 nM) for 1 h at 37°C under 5% CO 2 . Cells were fixed in 4% paraformaldehyde for 5 min at rt. Cells were washed twice with phosphate-buffered saline (PBS, Sigma-Aldrich) and treated with 3% goat serum (Sigma-Aldrich) and 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 45 min at rt. Plates were incubated with primary antibodies. Mouse anti-α-tubulin 1/4000 (Sigma-Aldrich) and rabbit anti-LC3b 1/335 (Sigma-Aldrich) were added to the plate already treated with MitoTracker, and mouse anti-EEA1 1/200 (Sigma-Aldrich) was added to the plate previously treated with LysoTracker. Plates were incubated at rt for 1 h, then washed twice with PBS. Secondary antibodies goat anti-mouse Alexa-647 1/500 (Invitrogen) and goat anti-rabbit Alexa-488 1/500 (Invitrogen) were added to the first plate, and goat anti-mouse Alexa-488 1/500 (Invitrogen) was added to the second plate for 30 min at rt. Cells were washed twice with PBS and stained with 4′,6′-diamidino-2-phenylindole 1/5000 (Dapi, Invitrogen) and with CellMask Deep Red 1/5000 (Invitrogen) for the plate treated with LysoTracker and incubated for 10 min at rt. Cells were washed twice with PBS, and plates were stored in the dark at 4°C with 25 μL of PBS/well.
Imaging and Image Analysis. Plates were imaged automatically using Operetta (PerkinElmer), a high content imaging system using a 20× high numerical aperture objective lens. Six images per well for each wavelength were collected. Individual cell segmentation was done using the Harmony software, and measurements for each cell were performed generating 38 parameters from six dyes: Dapi, α-tubulin staining, MitoTracker Orange CMTMRos, LC3b staining, LysoTracker Red DND-99, and EEA1 staining. The normality of the data was checked for each parameter, and a log 2 transform was made when required in order to perform a t-test to identify significant changes when compared to DMSO. The log 2 compound/DMSO ratio was clustered using Cluster 3.0 software (uncentered correlation and centroid linkage) and analyzed using Java TreeView.
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